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NOTATIONS 
ae = e (3/4 - ½)tan� 
2B = width of footing 
2B
1 = effective width of footing 
c = cohesion of soil 
Ca = cohesive force 
Cu = coefficient of uniformity 
D1, D2 = maximum depth from ground surface down to 
where the slip surfaces will extend 
e = eccentricity 
Gs = specific gravity 
H = depth of rigid base as measured from the base 
of the footing 
Kpc, Kpq, Kpy = pure numbers whose values depend on the soil 
friction angle 
L = length of footing 
Ne, Nq, Ny = bearing capacity factors 
r-- I I 
Ne, Nq, Ny = modified bearing capacity factors 
Pp
= Rankine passive pressure 
Q = vertical load applied to the footing 
q = uniform surcharge per unit area 
q = load per unit area of the footing 
qu = ultimate load per unit area of the footing 
r = radius at any point on a lo6arithmic spiral 
r0 = initial radius on a loGarithnic spiral 
S = settlement 
s = shear strength of soil 
W = weight 
6 = angle PP makes with the normal line 
y = erfective unit weight of soil 
yd(max.) = maximum dry density 
= minimum dry density 
internal angle of friction in soil 
µ = angle sides of soil wedge makes with the 
horizontal 
a = normal stress 
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The foundation of a structure is defined as the lowest 
part of a structure. The function of this foundation is to 
transmit the weight of the structure onto the natural soil 
strata. If the soil is over stressed it will cause shear 
failure of the soil, and this shear failure could cause 
excessive settlement. This eYcessive settlement might 
result in dangerous structural damage. 
Depending on the type of structure and the soil 
conditions encountered, there are several different types 
of foundations used. A "�vread" foundation is simply a 
load bearing wall or column which is widened to transmit 
the load over a larger area to increase the bearing capacity. 
A "mat" foundation is a single slab covering the soil over 
the entire area of the structure. Mat foundations are used 
when the low bearing capacity of a soil causes the size of 
spread footing to become too large, and therefore it is 
more economical to use a mat foundation. "Pile" and 
"Caisson" foundations are used when the load transmitted 
from the structure is too large for the upper strata of 
soil, and the load has to be transmitted to the material 
located-at greater depths. 
2 
Foundations are generally broken into two catagories. 
They are either classified as a shallow or as a deep 
foundation. Spread and mat foundations are classified as 
shallow foundations, where as pile and caisson foundations 
are classified as deep foundations. In 1943 Terzaghi 
defined quantitatively the difference between shallow and 
deep foundations. Using "Df" as the vertical distance 
between the base of the footing and the ground surface , and 
"2D" as the width of the footing (see Figure 2. 1), Terzaghi 
decided that if 2B�Df this wobld be classified as a shallow 
foundation. If 2B< Df the foundation would be classified 
as a deep foundation. In this paper I will be interested 
only with shallow foundations. 
The ultimate bearing capacity of a shallow foundation 
is defined as the maximum load carrying capacity of a soil 
per unit area. Beyond this load the soil will undergo shear 
failure. 
Prandlt in 1921 published results from his studies on 
the penetration of hard bodies into a softer naterial under 
the assumption of plastic equilibrium. Prandlt assumed the 
softer material to be homogeneous and isotropic. In 1943 
Terzaghi furthered Prandlt's experinents for the study of 
ultimate bearing capacities for shallow foundations. Gi�cc 
that time numerous investigators such as MeJerli�f (19�3), 
3 
(1951), Caquot and Keriscl ·(1953), and Lundgren .and Mortensen 
(1953), have refined the analysis introduced by Terzaghi. 
Although there have been many intensive investigations 
run since the original investigations made by Terzaghi on 
shallow foundations, there arc still aspects relating to 
·the ultimate bearing capacity of shallow foundations that 
have yet to be studied extensively. One of these aspects is 
the bearing capacity of a foundation with a rigid base 
located at a shallow depth as measured fron the base of the 
footing. Mandel and Salencon (1969), presented a theoret­
ical analysis for ultiraate bearing capacity of a foundation 
with a rigid base loacated at a shallow depth. Since that 
time there has been a limited number of investigations to 
verify Mandel and Salencon's theory. Tests under these 
conditions have been run by Meyerhof (1974) and Pfeifle 
(1978) • 
Another aspect that there has been limited research 
performed on is the ultimate bearing capacity of eccentri­
cally loaded foundations. Meyerhof (1953) developed an 
empirical concept by which an eccentrically loaued footins 
may be regarded as a centrally loaded footing of reduced 
width (2B - 2e), in which "2B" equals the width of the 
footing and "e" equals the load eccentricity. · _ De Beer- ·( 19 GO) 
pointed out that He:yerhof 's method 9ives a good estimate of 
bearing capacity for the eccentrically loaded footing. 
There have also been tests run by Eastwood (1955), Ramelot 
and Vandeperre (1950), and Lee (1965) to confirm th� 
results reached by !ieyerhof. 
4 
The purpose of this investigation is to present the 
results of some recent laboratory model testing of the 
ultimate load carrying capacity of eccentrically loaded 
strip, surface footings on sand, with a rigid base located 
at varying depths. It is expected that these results will. 
lend to a better quantatative understanding of the problems 
encountered in these situations. 
CHAPTER II 
REVIEW OF PAST HORl{ 
2.1 Terzaghi's bearing capacity for shallow foundations 
In explaining his bearing capacity theory, Terzaghi 
used a footing of width "2B" located· at·:.a·_ depth " Df I'· as·_ 
shown in Figure (2.1). 
For shallow foundations where 2B > Df we can neglect 
the �hearing resistance of  the soil located above the level 
of  the base of  the footing. With this assumption we can 
replace this soil with unit weight " y", by a surcharge 
q = yDf. If qu is the ultimate load p�r unit area o f  the 
footing applied to cause failure, then the state of  plastic 
equilibrium caused by this load q can be illustrated as u 
shown in Figure (2.2). 
The triangular area abe, marked as Zone I is an elastic 
zone. Terzaghi assumed that the sides ae-and be of  this 
zone rise at an angle to the horizontal of µ = ¢. With q u 
applied, this zone is pushed dcwnward and thus pushing the. 
soil masses in area aedc and befg laterally and upward. 
This causes the two areas aed and bef marked Zone II to 




Figure 2.1 Stripfooting 
C 









r = radius of curve 
r0 = initial radius = ae = be 
� = internal arJle of friction 
e = angle between r0 and any other 
radial line 
( 2 .1) 
The Zone marked III'is ,a Rankine passive zone. The failure 
lines de and fg are straight lines. Sides ad, cd, bf, and 
fg are at an angle of (45 - !) with the horizontal. 
2 
The shear strength of the soil is given by Coulomb's 
equation (Figure 2. 3): 
where, 
S = c + a tan� ( 2. 2) 
S = shear strength of the soil 
c = cohesion of the soil, c = 0 for sand 
a = effective normal stress 
� = internal angle of friction 
The ultimate bearing capacity can be calculated with 

















a, Normal Stress 




Figure 2.4 Free body diagram of soil wedge 
10 
Solving this free body diagram by summing the forces 





(2B) (1) - w + 2Ca sin <P + 2PP· 
= 0 ( 2. 4) 
w = 
p = 
weight of the soil mass = YB2 tan<P 
passive force acting along ae and be at 
failure 
(since the friction angle = �, this force 
will act at an angle = � with the normal 
line drawn with the sides ae and be). 
C = cohesive force acting along the sides a (c = cohesion) 
The passive force Pp, in the above equation is equal 
B Pp = --- (cKpc + qK ) + yB2 tan� KPY cos2 � pq cos2 � 
( 2. 5) 
Where �c, Kpq' and KPY 
are pure numbers whose values are 
independent of the width 2B and depend on the soil friction, 
Substituting the values of Pp, W, and Ca into equation 
(2.4) and solving for qu: 
( 2. 5) 
11 
K 
where, Ny ½ tancp ( 
PY -1) = 
cos2 <P 






( 2. 6) 
The coefficients Ny' Nci Nq are called the bearing 
capacity factors, with their values depending only on ¢. 
Since the determination of these factors is tedious and time 
consuming, Terzaghi used the method of superposition to 
determine them. This method of superposition he used is 
shown below. 
(1) for a grandular soil (c = 0) and a surface footing 
( q = 0 ) and ( y t- 0 ) : 
where, 
Kpy 
Ny = ½tan¢ (--- - 1) cos:.i 4> 
The values for Kpy are given in Table (2. 1). 
( 2. 7) 
·c2) For a weightless soil (y�O) and a surface footing 
( q= 0) and ( cf O ) : 
where, 
a 2 
Ne - cot� - ( 8 4> 
-1) 
2cos2 (45+2) 
ae = e (3/4TT - 2)tan
cp 




(3) For a weightless soil (y=O), no cohesion (c= O) and 
(2.12) 
where, {2.13) 
ae = same as above. 
Even though the method of superposition is an 
approximate method, the answers obtained are on the safe 
side for evaluating the bearing capacity. 
TABLE 2.1 














2.2 Modifications to Tcrzaghi's bearing capacity theory 
At the time that Terzaghi orginally formulated his 
bearing capacity theory, there had been a very limited 
amount of experimental re sults available. Since that time 
there has been extensive laboratory testing which has 
confirmed Terzaghi's assumption of the failure mechanism, 
338853 
SOUTH DAKOTA STATE UNIVERSITY LIBRARY 
13 
except that the angle µ, the angle ae and be make with the 
horizontal in the triangular section abe, is equal to a 
value between � and (45 + ½> that gives the ninimum value 
·for bearing capacity. 
14 
This new assumption changes the values of Nc, Nq, and 
N • The ultimate bearing capacity for shallow foundations 
y 
is still expressed in the form: 
(2. 6) 
Using the same method of superposition that Terzaghi 
used, the ultimate bearing capacity for a weightless soil 
{y = 0) and a surface footing (q = 0) and (c � 0) can be 
given by: 
(2. 9) 
In 1921 Prandlt introduced this value for Nc, under the 
assumption that µ = 45 + ½: 
w tan� 2 + -�)-l = cot� e tan (45 2 (2. 14) 
A graph of Terzaghi's Ne a�d Prandlt's Nc vs. � is shown in 
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values are from 10% to 23% lower than Terzaghi's values. 
For a weightless soil (y = 0), no cohesion (c = 0) and 
(q 1 0) : 
{ 2 . 12) 




Using the Ne given in equation (2. 14). 
Values of Reissner's Nq and Terzaghi's Nq vs. � are 
shown in Figure (2. 6). From the graph we can see that 
Reissner's values are from 0% to 22% below Terzaghi's. 
For granular soil (c = 0) and a surface footing (q = O) 
and { y -; 0): 
( 2. 7) 
Using Boussinesq's differential equation, Caquot and Kerisel 
(1953) gave values for N .  They found out that this factor 
y 
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the values given by Caquot and Kerisel under the assumption 
thatµ= 45 +!can be aonroxi�ated within an error on the 
,:;. .. ...  
safe side (not exceeding 10% for 15° < cp < 45 and not exceed-
ing 5% for 20° < qi < 40°) by the equation: 
Ny = 2- (Nq + l)tanci: 
N is the value given by equation (2. 15). 
q 
( 2  . 16) 
If the soil is cohesionless (c = 0) and possesses 
weight .(Y t- 0) , the actual shear pattern may be shown as in 
Figure (2. 7) • 
Lundgren and Mortensen (1953) have developed numerical 
methods by means o f  the theory of plasticity for the exact 
determination o f  the rupture lines as well as the bearing 
capacity for particular cases. Figure (2. 9) shows a compar­
ison between Terzaghi's, Caquot and Kerisel's, and Lundgren 
and Mortensen's Ny. 
2. 3 Ultimate .bearing capacity for a rough strip foundation 
resting on a soil with a rough, rigid base located at  a 
shallow depth 
Through use of the theory of limit equilibrium, Mandel 
and Salencon (1972) made a theoretical analysis for the 
ultimate bearin•g capacity of a rough, shallow, strip 
01, 
�B 
Figure 2.7 Shear pattern in soil for a rough surface 
footing 
ecO 
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Fieure 2.9 Comp�rison of Terzar.hi's� Cnquot and Kerise l's, 
and Luntic;rcn and ;,Iortcnsen 's Ny 
21 
2 2  
foundat�on resting on soft ground � A rough, rigid base was 
considered to be located at a shallow depth a s  measu red 
from the bottom of the footing. For such a case, the 
ultimate bearing capacity can be expressed as: 
q - BN' I I -u Y y + cNc + qNq (2. 17) 
Where N�, N�, and N� are the modified bearing capacity 
factors. When Mandel and S alencon evaluated these, they 
assumed the method of superposition used by Terzaghi as 
being valid. 
I 
Determination of Ny : 
For a surface footing (q = 0) on a cohesionless soil 
(c  = 0)  and ( y -,!- .0 ) and H = 00 ,  the slip lines at ultimate 
load will develop up to a <lepth o1 as shown in Figure (2. 7). 
This  depth D1 will depend on the internal friction angle �, 
and the width of the footing, 2B. If  the rough, rigid base 
is located at a depth H � D1, the shear pattern in the soil 
will remain the same. Therefore: 
( 2  .18) 
where, N y = Ny 
23 
Mandel and Salencon assumed that the Lundgren and Mortensen's 
N is correct, therefore those values should be used i n  
y 
equation ( 2. 1 8). Figure ( 2 . 8) 
internal angle of friction, � -
D 
shows a plot of _!. vs. the 
2B 
If H < n1, the shear pattern of the soil supporting the 
· foundation will change, thus N� will change. For this case: 
( 2 . 1 9) 
I 
When Ny > i:�y . (Lundgren and Mortensen' s) and is a function of 
�B and cp. Figure· ( 2  . 10) shows the variation of  N� with 4> 
and H 2B . 
I Determination of Ne: 
In Figure (2.lla), a rigid base is located a depth, H. 
If H = 00 the slip surface will occur as shown in Figure 
· (2 . lla)  under qu · If we assume a weightless soil ( y  = 0), 
with a surf�ce footing (q  = 0) and (c � 0), the ultimate 
bearing capacity will be: 
( 2  . 20)  
where, N� = Ne ( Prandlt's) ( 2  .14)  
I 
Nr 
10 , 0 0 0  
5 0 0 0  
2 0 0 0  
J!OO O 
_·_ . 5 0 0  
2 0 0  
10 0 
5 0  




2 0  
H 
2B = 0 .  2 
Note : 
numbers in 
( 0. 6 ) parentheses are 
25 
. 
D1 values of _2B 
39  3 5  4 0  
�, Angle of internal friction ( Deg . ) 
4 5  
Figure 2i o Plot of N1� vs . � ( after Meyerhof , 1 9 74 , from 
the numerical values of Mandel and Salencon ) .  
2 4  
Rough ri � id bas e  
( a )  
2B 
( b )  
25 
Ro uch base 
7 7 777 7 ?7 7 7 
Rough rie;id b a s e  
Figure 2.11 Effe c t  o f � � � : 1� base o n  the slip sur face of 
a soil. 
2 
2 6  
The maximum depth beneath the footing to which the slip 
lines reach will be equal to o2. The value of n2 depends 
on the internal friction angle ¢, and the width of the 
foundation 2B. Figure (2.12) gives a plot of 
2
� against � -
As before, if H � o2, there will be no change in the develop­
ment of the slip lines. Thus, qu, can be given by equation 
(2 . 2 0) . 
But if H < :12 the development of the 
, . S -=- 1 P lines will be 
modified as shown in Figure (2. llb) . In  this case, the soil 
mass in the zone efg remains motionless. The rigid wedge 
abe sinks downward with the foundation. This sinking 
�auses plastic failure in the soil zones aefdc and beghi. 
The values of N� for these conditions have been determined 
by Mandel and Salencon through the use of numerical inte­
gration, and are given in Figure (2. 13) . Unlike Prandlt's 
N�, the values of N� are functions of �B and � . 
Determination of N�: 
Referring to Figure ( 2 . lla ) , if we as sune ( y = C ) ,  
(c = 0 ) , (q � 0 ) , and that the rigid base is located at a 
depth H = 00, then the slip lines will develop to a depth 
D2 as measured from the bottom of the base . Therefore: 
0 .5  
0 10 2 0  30 
D2 Figure 2. 12 Plot of 2B vs. � 
2 7  
4 0  4 5  
2 8  
10 , 000 
5 , 000 
2 , 0 00  Note : Values in 
parentheses are 







50  ( 2 . 4 )  
20 
10  
( 0 . 7 )  
2 
0 
10 20  30 4 0  
♦ ,  Angle of  internal friction , ( Deg ) 
Figure 2. 13  Plot of  N
I 
C vs . � 
where, 
I 
Nq = Nq ( Re issner's ) · .( 2 . 1 5 )  
�-gain , if  IT � n
2 
the re wil l be no c!-langc i n  the value s  o f  
N� • Therefore , .the above equation hol ds true . 
If H < o2 the development of  the s lip li ne s will be 
modified as s hown in F igure ( 2 . llb) . Fo-r this case  
( 2  . 22) 
where , N� is the values g iven in F i gure ( 2 � 13 )  
I n  Figure ( 2 . 14 )  value s fo r N� vs . �� and ¢. are 
plotted .  
2 . 4 U ltimate bear ing capacity for eccentrica l ly loaded 
foundations 
2 9  
Foundations of  bui ldings , re taining wal ls , and s imil iar 
structures are o ften subj ected to eccentric loads due to 
bending moments and horizontal thrusts acting in con j unction 
with the vertical l oading . With this eccentric load 
appl ied , the contac t pre s sure s be low the base  o f  the footing 
are general l y  taken as to decrease linearly toward s  the hee l  
from a maxir.mm at the toe . But Meyerhof ( 19 5 3 ) deterr.1ined 
that for  eccentrically loaded fou�dations  at the u l t imate 
bearing c �pacity , the d is tr i bution of conta c t  pre s su re i s  
not even approxir.1ate ly line ar , antl that a very s inp l c  
. ' 
Nq' 
10, 0 0 0  
5, 0 00 
2, 0 0 0  










( 1. 2 ) 
25 
H •O 2B 
30 
Note : Number 
in parentheses 
are values of' 
D 2 
2 B  
35  4 0 4 5 
♦,  Angle o f  internal friction, ( De g. )  
Figure 2. 14 Plot of N �  vs. ♦ 
q 
3 0  
(3 . 0 )  
31 
solution to the prob lem is obtained by assuming that the 
contact pressure d i stribution i s  iden ti cal  to tha t  fo r a 
centrally loaded foundation bu,t of reduced width. Meyerhof 
suggested that for a shallow horizontal strip foundation of  
width " 2B "  carrying a vertical load " Q "  with an eccentricity 
" e "  on the base (Figure -2 . 15) ,  it · m2.y be assumed that the 
load acts centrally on a foundation of effective contact 
width: 
I 
2B = 2 B  - 2 e (2 . 23) . 
Taking this effective width into consideration, the ultimate 
bearing capacity can be expressed as : 
2 e  , ' 2 e 2 , = ( 1  -
2 B
) (cNc + qNq) + (1 - �> . yBNy ( 2 . 2 4 ) 
Since Meyerhof first formulated his equation , there 
have been several model tests run on eccentrically loaded 









Figure  2.15 Eccent r i c n l l y loaded foot ing ( a ft er Mey erhof 
( 1953 ·) ) . 
32 
3 3  
TABLE 2. 2 
!-10D:CL TESTS Rm1 o: J ECCI::-JTRI CALLY LOADI:D FOOT INGS 
Country Investigator 
U.S.A. Eastwood {195 5 )  
U.S.A. Jumikis {1956) 
India Dhillon (1961) 
Rumania Zaharescu (1961) 
Australia Lee (1965) 
India Prakash and Saran (1971) 
All of these investigators found their results to be in 
good agreement with Meyerhof's theory except Dhillon (1961). 
3. 1 General 
CHAPTE R III 
LABORATO RY r.10 D8L TESTS 
Small scale tests were run in the laboratory to study 
the effects on the ultimate bea ring capacity of eccentric­
ally loaded rough, strip, shallow foundations due to a rigid 
base located at varying depths. The settlement of the 
footing was also observed. The eccentricity of the load 
was varied from e = O", to e = 1. 5" on a footing 4" x 12 ".  
All ·the model tests in this experiment were limited to 
surface footings on cohesionless soil. 
3. 2 Physical properties of the sand used in the tests 
As was mentioned above, sand was used in all of  the 
tests run. The sand used was an Ottawa CN-5 01 density sand. 
Standard tests were run on the sand to determine the 
significant properties of the soil. The properties of the 
sand are given in Table (3. 1). The grain-size  distribution 
curve for the sand can be seen in Figure (3. 1) .  From 
examination of the grain-size distribution curve one can see 
that this is an uniformly graded soil with little fine 
grains present. 
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TABLE 3. 1 
CHARACTE RISTI CS OF SAND USED FOR MODEL  Tr:ST 
% Passing U. S. Sieve No. 20 
% P assing U. S .  Sieve No . 4 0  
% Passing U. S. Sieve No. G O  
% Passing U. S .  Sieve No . 8 0  
Angle o f  internal friction, � 
_Coefficient of Uniformity, Cu 
Specific Gravity, G 5 
Maximum dry density , Yd (max. ) 
Void Ratio at maximum density 
Minimum dry density, Ya (min. ) 
Void Ratio at minimum density 
10 0 
24 . 71 
4. 90 
0 . 7 1 
37° 
1. 35 
2 . 61 
10 8. 2 8 pcf 
. 5 04 
95. 95 pcf 
. -697 
3 5  
36 
9 0  
8 0  
7 0  
6 0  
,:,' ' � 
:>t 50 
4 0  
.,.; 
dP 3 0  
20  
. Grain Diameter , ( mm )  
Figure 3. 1 Grain size dis trib ution curve 
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3. 3 Description of Model Te sting Equipment. 
Tests were run in a box neasurin0 3 feet x 1 foot x 1. 5 
feet. The walls of the box were reinforced using s□� l l  
steel channels. To insure the rigidity of the box, 2 inch 
thick wood planking was fastened directly to the box. This 
assembly was then placed in a frame built with small steel 
channels. To insure a rough base, glue was s9read over a 
piece of rnasonite 3 feet x 1 foot and sand of the type used 
in the experiments was mixed with the glue. This mixture 
was then allowed to dry and then the masonite pane l was 
screwed to the 2 inch planks and box. 
The loads applied on the tests were supp lied by a 
hydraulic jack. The load on the footing was read us ing a 
compression proving ring. This vertical load from the 
hydraulic j ack was transmitted to the footing throug h a 1. 5 
inch diameter steel bar. This steel bar was held in place 
by two· friction-free bearing rings. These rings were 
located so as to not allow any lateral movement of the bar. 
Attached to a collar on the end of the box there was a 
machined head which directly transmitted the load to the 
footing through a roller bearing 3/ 8 inch diameter by 1 1/2 
inch length. The general layout of the equipment used is 
s hown in Figure (3.2) . 
y 
"fl it . 
L. oot in s 
in  odel  y . 
3 8  
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3. 4 Model footings 
Two node l footings were used in the te � t s . each o f  
these plates were made with 1/4 inch steel pl atings. Both 
footings were 4 "  x 12 " .  Note that the length of  the foot­
ings . is the s ame width as the box. This identical length 
would prevent end bulging of the soil, so as to simu late 
3 9  
a plain strain case. Grooves 3/8 "  x 1 1/2 "  were machined 
into the plates at eccentricities of e = O ", 1/2 ", 3/4", l ", 
. and 1 1/2 " .  These grooves were machined to si ze so that the 
ro�ler bearing fitted snuggly in to them. Sand paper was 
glued to the underside of the footings so as to simulate a 
rough footing (Figure 3. 3). Holes were also machined in to 
the top of  the plates in order to measure the settlement o f  
the footing with a displacement dial. 
3. 5 Preparation and Testing 
Before the tests could be performed, the sand had to 
be compacted to predetermined density. This was accomplished 
by uniformly compacting the sand in layers of 2 inches in 
depth. The predetermined density used in the test was 
1 0 4 . 27 pcf. At this density the internal angle of  fricition 
�, was found to be 37°. 
This density of  10 4. 27 pcf was obtained by uniformly 
compacting 53.135 pounds of  the sand into a layer 2 inches 
4 0  
in depth. To measure this 2 inch thickness, lines were 
drawn around the insid� of the box every 1 inch as measured 
from a static plane above the box. The sand was then placed 
in the box and compacted to the desired height. After the 
sand was compacted to the desired height, the footing was 
placed in the right position in the box gently so as to not 
transmit any extra load on the sand. Then a micrometer was 
placed , as shown in Figure (3. 5), to measure the settlement 
of the footing. (Numerous tests were run with micrometers 
set up on both sides of the footing to check for tilting 
of the footing to one side or the other. From these tests 
there wasn't tilting in either direction to make a signi­
ficant difference in the results of the tests. ) Next a 
load was applied to the footing from the hydraulic j ack. 
This load was applied and recorded for every . 01 inch of 
settlement until the ultimate load was reached. From these 
readings load-settlements graphs were drawn. 
After each test the surface failure pattern was 
obser�ed, and in some cases photographs were taken of the 
failure patterns. Figure (3. 5) shows the failure pattern 
for footing loaded with an eccentricity = O " . Figure (3. 7) 
shows the failure pattern for a footing loaded with an 
eccentricity = 1. 5 ". Notice the loss of contact between the 
soil and the base of the footing when the eccentricity = 1 . 5 "  
1 
,J . · - o f  0 t t l  .en . i c1 r e t e r . 
' i t: . 
,. ny > i cal fai lure pa  e1 n for 




�' i r- . •  , :!"1oss o f  contact 1J tween foot ine  
t\L d  � .. o il for  large eccen t r ic ity . 
J_ i �., . ,... rv v • I Ty ic 1 ailur r 
cc nt ri cal l lo e �  foot ing . 
for 
4 3  
I 
I ,  
y 
(Figure 3. 6). After each test was run the sand was 
completely taken out of the box, and then put back i n  and 
recompacted for the next test. 
4 4  
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CHAPTER IV 
MODEL TE ST RJ: S UL':' S i\�!D Ji.:-!Ji.LYS I S  
4.1 Evaluation of experimental ultimate bearing capacity 
As was mentioned in the preceeding chapter, a load was 
applied to the footing until the maximum load was reached. 
This load "Q", was recorded for every . 01 inches of settle­
ment. From these values of " Q", the load per unit area " q " ,  
can b e  calculated from the following formula : 
where, 
q = Q 
2BL 
Q = load a?plied in pounds 
2B = width of the footing in inches 
L = length of the footing in inches 
( 4 . 1) 
These values of q calculated from equation (4. 1) were 
then plotted against the settlement for different values of 
" e" . These plots of q vs. S are shown in Figure (4. 1) to 
Figure (4. 5). Fig ure ( 4. 1) represents a rig iG  base loca ted 
at a limited depth. Figure (4.5) represents a rigid base 
located at a great depth. 
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Unit Load , q (psi) 
2 2  
. 02 
.0 4 
!L= . 5  
2 B 
. 0 6 
.0 8 
. 1 0  
c,:, 




. 1 7 .. I • e = O "  
A .. .1. e = . 5 " 
.l d • a • e = . 7 5  I! 
• • • e = l " 
. 19 .,. * N e = l . 5 " 
Ficure � - 1 q vs . S p lot 
4 7  
Uni t  Load, q ( p s i ) 
0 2 4 6 8 1 0  1 2  1 4  1 6 1 8  2 0  2 2  
. 0 2  
H = . 75  
. 04 2B 
. 06 
e= O "  • e 
. 0 8  e= . 5 " � ..-4 .. 
e= . 7 5 "  • • • 
Cl) . 10 e = l ' i • 0 • 
.µ e=l . 5 " " " J( 
. 1 2 
. 1 4 
. 16 
. 18 
. 2 0 
. 2 2 
.2 4 
F icure 4 . 2  q v s . s plot  
Q 2 
. 0 2 
. 0 4 
. 0 6 
s:: • O �:i 
ori 





. l o 
. 2 0 
.22 
4 
Uni t Load , q ( ps i ) 
6 8 1 0  1 2  
g_ =1 . 0  
2 B  
14  16  
e= 0 i i  •-----an------oo 
e = .  5 1 ' 
e= • 7 5 I I ■-----•-----■ 
e = 1 "  •-----•------• 
4 8  
1 8  20  
4 9  
Uni t Load , q (psi ) _ 
1 2 4 6 8 9 10  
. 02 
. 04 -=2 . 0  2B 
. 06 
. 0 8 
Cl) .10 
.µ 




.µ .14 Cl) 
. 16 
. 1 8 • • • e= O "  
.. .. • e= . 5 " 
.20 • ii • e= . 75 "  
• • • e = l "  
.22 .. , Jl e= l .5 "  
Figure 4 . 4  q vs. S plot 
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U nit Load , q (ps i) 
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9 e= O "  
•  e = . 5 "  
a e=. 75"  
• e = l
" 





P lcure 4 . 5  q vs. s plot 
5 0  
7 s · 9 10 
2 .5 
5 1  
The va lue of  the ultimate bearing capac ity qu , can be  
decJ.uccd from an  examina tion o.:  the q vs . S .:.·; lo t .  �:1c va l ue 
qu is de fined as the point at which the q vs . S p lot reaches 
a s lope of  zero or a t  the point where the load ceas es to 
increase appreciably with an increase in the s ettlement . 
The val ues for qu for different �B and e val ues arc g i ven in 
Table  ( 4 . 1) .  F igure ( 4 . 6 ) gives a non-dimen s iona l plot of 
S H for t · · t · f O " . 7 5 " , and 1 . r; " • 2n vs. 2 B eccen rici  ies o e = , � I n  
Figure ( 4 . 7) the values obtaine� for qu a re plotted a�ainst 
the non-dimens ional cof f icient �B for e ccentricities o f  
0 " , 5 11 • I . 7 5 " , 1 . 0 " , 1 . 5 " . As can be seen from the g raph , 
as the eccentricity increases the bearing cap ac ity 
decre ases . Also , the bearing capacity de c re ases as t�e 
H depth o f  the rigid base inc reases up to value of 2B  = 2 . 2 5 . 
This is quite a bit larger than the theoretic al value s of  
1 . 1 ( from F igure 2 .8) for a �  
0 
= 3 7  • The re are two probable 
reasons for this dif fe rence • . F irst of  all, late ral bulging 
o f  the soil was not a llowed, whic h could c hange the s he ar 
pattern some . Secondly , there is sane friction be t�cen the 
s ide of the box and the s and grains as the footing is 
loaded and settlement occurs . This s ide f r iction is not 
taken in to account in the determination o f  the dep th of 
the s l ip surfaces . The theoretical determinations depend 
only on the angle of interna l friction , � -
Eccentr1c.1ty Soil Depth 
O "  2 
O "  3 
0 " 4 
O "  6 
O "  8 
O "  1 0  
O "  · 14 
. 50 " 2 
• 50 " 3 
. 50 " 6 
. 50 "  8 
• 50 " 10 
. 50"  1 4  




. 50  . 50 
� 75 . 75 
1 . 00 1 . 0 0 
1.50 1 . 50 
2 .00 2 . 00 
2.50 2. 50  
3. 50 3 . 50 
.50 .6 7 
. 75 1 . 00 
1 . 00 1 . 3 3  
2 . 00 2 . 6 7 
·2. 50  3 . 3 3  
3. 50 4. 6 7  
q u  
·1 u 
qu  ( 2e 2 (psi ) 1--) yB y B  2B -
2 1 . 35 1 76.91 1 76 . 9 1 
1 6.92 140 . 20 140. 20 
1 3.75 1 1 3 .  9 3  11 3 . 9 3 
9 . 22 76.40 76. 1m 
7 . 29 60 . 41 60 . 41 
6 . 77 56 . 10 56.10 
6 . oo 4 9.72 49 . 72 
11 . 9 8 99.27  1 7 7 . 4 8  
8 . 20 6 7. 95 1 2 1. 4 8  
6 . 7 7 56.10 100 . 30 
4 . 92 � o .  77  72 . 89 
4.91 40. 6 9  72 . 74 
4 ,  8 3  40.02 71 . 56 
Eccent·ri ci ty Soi l Denth · 
• 7 5 "  2 
• 7 5 "  3 
• 7 5 "  4 
. 75 "  6 
• 7 5 '' 8 
. 75 "  10 
• 75 II 14  
1 . 00 "  2 
1 . 00 1 1  3 
1. 00 1 1  4 
1 . 0 0 11 6 
l . OO "  8 
1 . 00 1 1  10  
1. 00 "  1 4  






1 . 50 
2 . 00 
2. 50  
3. 5 0 
. 50 
. 75 
1 . 00 
1 . 50 
2 . 0 0 
2 . 50 




1 . 2 0 
1 . 60 
2 .  4 0  
3 . 20 
Lt .  00 
5 . 6 0 
1 . 00 
L 50 
2 . 00 
3 . 0 0  




( ps i )  
1 . 0 2 
6. 30 
5 . 50 
4. 4 3 
3 . 6 3 
4 . 7 1 
3 . 9 2 
3 .  9·2 
3 . 65 
3 .  9 3  
2 .  89 
2 . 9 7  
2. 8 8 
2 . 81 
qu 
y B  
5 8 . 17 
52 ." 2 0  
54. 5 7 
36 . 7 1  
30. 0 8  
39 . 0 3 
32. 4 8  
32 . 56 
30 . 2 4 
3 2 . 5 6  
32. 95 
2 4 . 6 1 
2 3 . 86 
2 3 . 2 8 
a u 
( 2e 2 l-213 )  yB 
1 50 . 32 
1 34. 9 0 
1 1 7 .  7 7  
9 4 . 86 
7 7 .  7 3  
1 00 . 86 
8 3 . 9 4 
1 3 1 .  00  
12 1 .  6 7  
1 3 1. 00  
96. 3 3 
9 9 . 00 
9 6.00 
9 3 .  6 7  
Eccentri city Son Depth 
1 . 50 "  2 
1 . 50 "  3 
1.50" 4 
1 . 50 "  6 
1 . 5 0 11 8 
1 . 50" 10 
1 . 50" l. 4 





1 . 00 
1 . 50 
2 . 0 0 
2 . 50 
3 . 50 
H 
2B 
· 2 .  00  
3 . 00 
4 . 00 
6 . 00 
8 . 00 
1 0 . 00 
1 4 . oo 
"'tu 
(ps i ) 
1 . 1 9 
2 . 08 
2 . 26 
1 . 83 
1 .  46  
1 .  45  
1 . 4 3 
<lu 
yB 
9 . 86 
1 1 . 2 1, 
1 8 . 7 3  
15 . 16  
12 . 10 
12 . 0 1 
1 1 . 85 
C'! u  
( l- 2e ) 2yB 2B 
1 5 8 . 6 7 . 
211 . 33  
301 . 3 3  
2 lt 4 . 00 
1 9 4  . • 6 7  
19 3 . 3 3  




. 0 8  
.0 7 
. 0 6 
. 05 
2B .04 
. 0 3 
. 0 2  
. 01 
0 . 5 
•---c,>-----ea---ae e = 0 "  
... ,. __ •A---..i•..__-.a.A e = - 75 " 




1.5 2 . 0 
P i::;ure 4 . 6 IJon d L::en s 1 onal p l ot of '-"2
�
8 
vs . !i__ for e = 0 " , . 7 5  n ,  
1 . 5 "  
2 B  
5 5  
2 2 r--,--r---r---..---.,----,------













Fir;ure 4 . 7 Plot o f  qu vs . 20 for
e 
e = O " 
• • ,. e = . 5 " 
• • a -e = . 7 5 " 
• • • e= l 11 




0 " , • 5 ,, , . 7 5 " , 1 • O ,. , 1 • 5 ,, 
56  
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4. 2 Comparison of experiment and theoretical be aring capaci ty 
factors 
The modified equation for the ultimate be aring capaci ty 
of concentrically load footings is given by: 
q = BN1 I N1 U Y y + cNc + q q ( 2. 1 7 )  
The tests run in the investigation were for a surface 
foot:ng (q = 0) in a cohesionless soil (c = 0). For these 
conditions the equation reduces to this form: 
( 4. 2) 
I Solving this equation for the bearing capacity factor Ny,  
the equation can be expressed in the form: 
( 4 .  3 ) 
These values are given in Table (4. 1). 
Figure (4. 8) gives a plot of this bearing capacity 
factor vs. ;B ' for different values of �8 
• . From this graph 
it can be seen that qu decreases as ;B increases. At a y B  
value of � = . 5, the bearing capacity factor is equal to 
2B 
zero. Also from this graph it can be seen that as the 
1 80 ,-----r----------------




. 1  .2 
2B 
Non-dimensional 
. 3  .4  . 5  
<!u e plot o f  y B  vs . � 
5 8  
5 9  
value of !!__ increases the value of qu decreases to a value 
2B yB  H of 2B � 2. 0. After this value is reached there isn't any 
appreciable decrease in the va l ue of  qu. This is in agrce­
yB 
ment with the conclusions previously reached. 
Figure (4. 9) shows a plot of the experimental (e = 0) 
and the theoretical values of N� vs. �B for � =  36
°, 39° , 
4 o . s
0 • Fo� the sand used in the tests, the friction angle 
was determined to be 37°. From the graph it can be seen 
that the experimental values are much higher than those 
for � = 37°. This result was expected and it has been a 
point of discussion among the researchers of bearing 
capacity for some time. Several investigators have pointed 
out that friction angle obtained from conventional tests 
yield a rather conservative value when compared w ith 
experimental results. Some researchers have pointed out  
that the plane strain angle which is about 10  percent 
higher than the friction angle found by conventional methods 
should be used to calculate bearing capacity. Lee (1970) 
who made a comprehensive study on the work of 23 investi­
gators concluded the following : 
"Direct and indirect investigations reported in 
the literature agree with the results of this 
study that under drained conditi ons that plane 
strain angle of internal fricti on exceeds the 
2 , 0()0 
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Fieure 4 .  9 Co::-,;' R r 1. s on �f i;��0r�t i c al and cxperl::11:: : � tal value s 
for :,i y v :.; . · - for e = 0 '.1 2-5 
value obtained from trlx ial tests by o0 to about 
6° or s0 • The grctite s t  difference is  as soc i a ted 
with dense sands at 10\•l confining pressures, • . .  "
Using this assumption that the plane strain angle exceeds 
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the friction angle obtained from co�ventional tests by abou t 
10 percent , a plain strain angle of around 4 0 . 5° is obtained. 
Under this . assumption, the experimental values for e = 0 are 
H H conservative for the range • 8 
� 2 B � 1. 2. For 2 8 <
.  8 the 
experfmental values are lower than the theore tical values '! 
thi� is due t� crushing of the sand grains . Thi s  grain 
crushing at higher loads affects the shear s treng th o f  the 
soi l. It has been found that at these high loads , the 
f1ohr-Coulornb enve lope bends downward from the assuned 
straight line. This downward curvature of the Mohr-Coulomb 
envelope decreases the value of the internal angle of 
friction. This reduction will decrease the u ltimate bearing 
capacity of the footing. For �B > 1. 2, which 
rigid base located at a great depth , the theoretical values 
are on the conservative side of the experimental values . 
The general nature of the experimental N� is the same as 
that found by Meyerhof (1974). 
6 2  
As mentioned previously, i f  an eccentr i c  load i s  
applied, the e ffecti ve width o f  the footi ng i s  reduce� by 
( 2B - 2 e) . Using this as sumption, Jumikis ( 1 9 5 6 )  expre s sed  
the general bearing capacity equation in the form : 
qu = ( 1 _ 2 e ) ( · .T '  + q �,q ) + ( 1 
2 e) 2 , 
2B Cu c - - 2B y B� y  ( 2 .2 4 )  
As before, the tests were run on a surface footing ( q = 0 )  
with a cohe sionle s s  sand ( c  = 0 ) . The re fore the a bove 
equation reduces  to 
( 4 .  5 )  
The se values are g iven in Table ( 4 . 1 ) .  The v � lue of  
2 e  2 
( 1 - 2B ) y B  
vs.  �B' ,  i s  plotted in  Figure { 4 . 10 )  and F igure 
( 4 .11) for e = . •  5 " ,  • 7 5 " ,  1.0 " ,  and 1.5 " .  Ag ain the values 
I f O O 0 of Ny are plotted for friction angle s  o 3 6  , 3 9  , and 4 0 . 5  
for comparison. As can be seen from the graphs ,  the p l ane 
s train angle theory holds true for the cas e  of e ccentrically 
loaded footings. Applying Heyerhof's theory for eccen tri­
cally loaded footing s,  it can be seen that the re sults are 
in fairly good agreement with the theoretical value s . The 
experimenta l value s tend to be conservative in the range 
6 3  
where shallow conditions for the rigid base occur, becoming 
less conservative as the depth to the rig id base increases . 
It can also be seen that as the eccentricity increase s, the 
experimental values as given by Meyerhof's theory, become 
more and more conservative. At e =  1. 5 0" the experimental 
values as given by Meyerhof's theory are � 1 0 0 %  greater 
than those given to the theory. The reason for this is 
probably the loss of contact of the footing with the soil 
(Figure 3. 6). 
2 , 0 0 8  
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Tests were run in the laboratory on concentrically and 
eccentricially loaded strip footings, with a rough rigid 
base located at varing depths. The purpose of these tests 
was to determine the effect of the eccentric loading and 
the effect of the rough rigid base. Based on the findings 
of t .. ·.ds study , the following conclusions can be reached: 
1. As the eccentricity is increased from e =0 " 
to e =  1. 5 0" the ultimate bearing capacity 
decreases. 
2.  The ultimate bearing capacity decreases as 
the depth to the rigid ½ase increases up to 
1 � !!.__ - 2 25 Th 1 f th a va ue o 2B • • e va ues o r  e 
bearing capacity remain fairly constant. 
This is greater than the theoretical value 
of 1. 1. The reason seems to be the neglec­
tion of the side wall friction. 
3. The experimental values obtained are in 
close agreement with the values given for 
<f> = 4 0. 5° althou·gh the friction angle for 
the sand used in the tests run = 37°. 
- 66 -




8 < . 8  tre theoretical values for 
qu g ive a 
-( � 
conservative estimate. 
5. For . 8 � �B � 1. 2 the experimental values 
for N� are on the conservative side of 
the theoretical va lues. 
6. For great depth conditions, the theoretica l 
values given for _J � are on the co� :; c rvativc 
side of the theoretical values. 
7. By applying Meyerhof ' s  theory for eccentri­
cally loaded footings, the results give the 
sane type of  trc�d as those for t�e concentr-
ically loaded footing. This is s ane 
conclusion as r2achcd by variou s inve s tigato�s . 
8. As the eccentric ity is increased , the 
experimental values become more and norc 
I conservative for Ny. 
9.' Based on the results of this experiment, 
Meyerhof ' s  theory for eccetrically loaded 
footings holds true except for footings 
loaded with large eccentricities. 
67 
10 . For footing s loaded with ·  l arge eccentriciti e s  
the theore t i c a l  1a l ues  g rea t ly under 0 s tim : t t R  
The re fore , i f  footing s have to be  loade d  
with an eccentric load , thi s eccentricity 
s hould be kept as snal l as pos s ible . 
6 8  
6 9  
APPEND I X  I 
Convers ion to S . I .  Cni ts 
1 ft. = . 3 0 5  
1 in . = 2 5 . �  rnrl: 
1 lb . = . 4 5 4 kg 
1 lb . = t1 • 4 8 ?� 2 1 ps f = 4 7 . 9  N/m 2 1 p s i  = 6 . 8 9  k:Vm
3 1 p c f  = ·. 1 5 8  k:-J/m 
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